exposure of the subsequently developed chromatogram to the X-ray film was calculated on the basis of this activity. Under our experimental conditions of counting, an exposure equivalent to at least 1-5 x 106 total counts was found to give a satisfactory radioautograph (e.g. a spot giving 1050 counts/min. required a 24 hr. exposure).
The chromatograms were developed with phenol (80% Estimation of activity in the culture medium before and after growth. A portion (0-1 ml.) was taken from the culture medium before growth; it was evaporated to dryness in a small Quickfit flask and totally oxidized, the CO. being collected as BaCO, which was plated and counted at infinite thickness in a polythene planchet. A portion (0-2 ml.) of the culture filtrate was evaporated to dryness and oxidized in the same way. The culture filtrate was passed through a column of Zeo-Karb 225, H+ form; 0-1 ml. of the culture filtrate and 0-1 ml. of the eluate from the column were estimated for activity by counting as infinitely thin film.
Ergothioneine was either estimated or detected chromatographically in the control cultures in order to ensure that the fungus was still producing ergothioneine in the presence of added histidine.
Isolation of erogthioneine from the [aC-14C]histidine culture. L-Ergothioneine hydrochloride (90 mg.) was added to the total growth, which was then extracted three times with hot water (total vol. 120 ml.). The residue was then extracted twice with boiling water (total vol. 140 ml.) and filtered through an Oxoid Membrane. The combined extracts were deproteinized and chromatographed on Zeo-Karb 225 and alumina as described previously (Heath & Wildy, 1956b) for the isolation of [14C]ergothioneine from the growth of C. purpurea on [2-14C]acetate. The isolated ergothioneine was crystallized to constant activity. A final yield of 39-1 mg. of highly radioactive ergothioneine was obtained. This was diluted by adding to it ergothioneine hydrochloride (200 mg.). The material was dissolved in water and chromatographed on a column of ZeoKarb 225, HI form, to convert the ergothioneine hydrochloride into the free base. The final yield of ergothioneine (free base) was 166-1 mg. (activity 1580 counts/min./mg. of C). This ergothioneine was used for the chemical degradation.
Degradation of [14C]ergothioneine isolated from the [n-14C]-histidine culture: oxidation of formic acid. The ergothioneine (68.8 mg.) was degraded by the method described by Heath & Wildy (1956 b) , with the exception of the oxidation of formic acid obtained from the fission of the imidazole ring, which was carried out as follows. The aqueous solution remaining after ether extraction of the ethyl 4:5-dibenzamidopent-5-enoate, which contained sodium formate derived from the imidazole C-2 of ergothioneine, was heated to remove the dissolved ether. The remaining solution was transferred to a Quickfit flask, connected through a double-surface reflux condenser to a Ba(OH)2 trap; 2N-H2SO4 (6 ml.) was added, the solution was boiled and a stream of N2 was passed slowly through the apparatus until no more C02 was evolved. The formic acid was distilled from this residual solution by boiling in a CO2-free apparatus; the formic acid and water distilled over together and in this way a separation from traces of residual ethyl dibenzamidopentenoate was achieved. The formic acid was oxidized in a C02-free apparatus by boiling for 1 hr. with 20 ml. of acid mercuric sulphate reagent (mercuric sulphate, 10 g.; C02-free water, 80 ml.; conc. H2SO4, 20 ml.).
The CO2 from the oxidation of formic acid was displaced by N, and collected as BaCO.. This was filtered off and counted as a thin layer on the filter paper; yield of BaCO3, 4 mg.
Investigation of the distribution of labelling in the amino acids of the protein of C. purpurea grown in the presence of [aC-14C]histidine. A small portion of the ethanol-insoluble ' protein' from C. purpurea was hydrolysed by heating in a sealed capillary in 6N-HCI at 1000 for 16 hr. and then evaporated to dryness. A portion of the hydrolysate was chromatographed on a 10 in. square of Whatman no. 4 paper in phenol-aq. NH3 soln. and butanol-acetic acid. A radioautograph was made of the resulting chromatogram.
Growth of C. purpurea on a medium containing [2(ring)-14C]histidine. L-[2(ring)-14C]Histidine (0.1 mc, 3 9 mg.) was added to 600 ml. of the mannitol-ammonium succinate medium, which was distributed between five 350 ml.
Erlenmeyer flasks (120 ml. of medium/flask) and grown together with controls as described in the experiment with [oc-14C]histidine.
Ergothioneine was detected and estimated in the controls and ergothioneine hydrochloride (90 mg.) was added as carrier to the main growth; the labelled ergothioneine was then isolated by ion-exchange and alumina chromatography. 
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It can be seen that all the activity in the ergothioneine isolated from the [a-14C]histidine culture was concentrated in the five-carbon chain (4, 5, 6, 7, 8) . The carbon atoms of the betaine (9, 10, I1) and the imidazole C-2 were completely inactive. A radioautograph of a chromatogram of a protein hydrolysate from this [CX-14C]histidine culture showed that histidine had been partially degraded to glutamic acid. No activity was detected in the other amino acids.
Of the activity originally present in the [z-14C]-histidine culture medium, 19 % remained in the culture filtrate after growth, and of this 98-5 % was adsorbed when the culture filtrate was applied to a Zeo-Karb column.
From Table 1 it can be seen that 95 % of the activity in the ergothioneine isolated from the [2(ring)-14C]histidine experiment was present in the imidazole ring C-2. A small activity was detected in the carbon atoms of the methyl groups of the betaine (9, 10, 11), whereas the five carbon atoms of the chain (4, 5, 6, 7, 8) were completely unlabelled.
The radioautograph of the chromatogram of hydrolysed protein revealed a very intense spot corresponding to histidine and three other weaker spots corresponding to methionine, serine and glycine.
Of the activity originally present in this [2-(ring)-14C]histidine culture, 43 % remained in the culture medium after growth. When this culture filtrate was applied to a column of Zeo-Karb 225, 39 % of the activity was retained by the column.
DISCUSSION
The results of these experiments fully confirm that ergothioneine is formed by the fungus Claviceps purpurea directly from histidine without fission of the imidazole ring or alteration to the aliphatic side chain. The incorporation of [o-_4C] histidine into ergothioneine by C. purpurea clearly showed that histidine was a precursor, but it did not establish that the intact imidazole ring of histidine was directly utilized for the formation of ergothioneine.
The possibility existed that ring fission of histidine could have occurred, followed by the reincorporation of a one-carbon compound linked through sulphur such as the -SCH3 group of methionine. However, the ergothioneine isolated from the culture grown in the presence of ring-labelled histidine was highly labelled and the activity was concentrated in the imidazole C-2. The slight activity in the carbon atoms of the betaine showed that there had been some metabolism of the labelled histidine by the fungus, resulting in the liberation of labelled one-carbon fragments. This was confirmed by the radioautograph of the chromatogram of hydrolysed protein which showed the presence of radioactive methionine, serine and glycine. The high degree of incorporation of labelling into the imidazole C-2 of ergothioneine, however, showed that the intact imidazole ring of histidine had been incorporated into ergothioneine; had this labelling arisen by reincorporation from the one-carbon pool, the activity in this carbon atom would have been only of the order of that detected in the carbon atoms of the betaine. Melville, Eich & Ludwig (1957) have recently studied the biosynthesis of ergothioneine by Neurospora crassa and they have shown on the basis of the high degree of incorporation of labelled histidine into the isolated ergothioneine that this organism also derived its ergothioneine by synthesis from histidine. As our results and those of Melville et al. (1957) are in complete agreement for two different fungi it would appear that the formation of ergothioneine from histidine is the normal pathway of this synthesis.
Some information on the metabolism of histidine by this fungus is obtained from the distribution of isotope in the culture broth after growth. All the amino acids, including histidine and glutamic acid, are retained by the ion-exchange resin, whereas the carboxylic acids, including formic acid, are not adsorbed. In the growth containing [2(ring)-14C]-histidine, the liberation of one-carbon fragments not attached to nitrogen was demonstrated by the fact that 61 % of the isotope was in the non-basic fraction, whereas in the experiment with [aC-14C]-histidine only 1-6 % of the isotope was in this similar fraction. Radioautographs of two-dimensional chromatograms of the hydrolysed proteins from these experiments showed the presence of labelled methionine, serine and glycine derived from the ring C-2 but only glutamic acid derived from the oa-carbon.
At least two steps are involved in the biological formation of ergothioneine from histidine: methylation of the amino nitrogen and attachment of sulphur to the C-2 of the imidazole ring. Thiolhistidine has never been shown to occur naturally and, moreover, synthetic L-2-thiolhistidine does not serve as a precursor of ergothioneine for Neurospora cra88a (Melville et at. 1957) . On the other hand, hercynin, the betaine of histidine, occurs naturally in certain fungi (Kutscher, 1910; Reuter, 1912) and would seem a likely intermediate in ergothioneine biosynthesis from histidine. If, in fact, this is so, methylation of histidine precedes sulphuration in the biosynthetic process.
I958
[2(ring)-"4C]histidine. Labelled ergothioneine was isolated from these cultures and chemically degraded.
2. The intact imidazole ring and side chain of histidine were shown to be incorporated into ergothioneine by this fingus.
